Optimization of the Perturbation Amplitude for Impedance Measurements in a Commercial PEM Fuel Cell Using Total Harmonic Distortion by Giner Sanz, Juan José et al.
 
Document downloaded from: 
 



























Giner Sanz, JJ.; Ortega Navarro, EM.; Pérez Herranz, V. (2016). Optimization of the
Perturbation Amplitude for Impedance Measurements in a Commercial PEM Fuel Cell Using















One	 of	 the	most	 important	measurement	 parameters	 in	 electrochemical	 impedance	
spectroscopy	(EIS)	is	the	perturbation	amplitude.	The	optimum	perturbation	amplitude	
value	corresponds	with	a	balance	between	the	signal-to-noise	ratio	improvement	and	
the	 reduction	 of	 the	 harmonic	 generation	 due	 to	 nonlinear	 effects:	 Therefore,	 the	
optimum	 perturbation	 amplitude	 is	 the	 maximum	 amplitude	 that	 ensures	 a	 linear	
response	 of	 the	 system.	 Two	 strategies	 were	 considered	 in	 this	 work:	 a	 constant	
amplitude	strategy	and	a	frequency	dependent	amplitude	strategy.	On	the	one	hand,	
for	 the	 constant	 amplitude	 strategy,	 the	 optimum	 perturbation	 amplitude	 for	 EIS	
measurements	of	an	individual	cell	of	a	commercial	PEM	fuel	cell	stack	was	determined.	
In	 order	 to	 fulfill	 this	 aim,	 the	 impedance	 spectra	 (at	 different	 DC	 currents)	 of	 the	













Electrochemical	 impedance	 spectroscopy	 (EIS)	 is	 an	 electrochemical	 method	 widely	
used	nowadays	to	study	electrochemical	systems	[1-3].	It	has	been	applied	in	a	broad	
range	of	application	fields	[1].	For	instance	it	has	been	extensively	used	in	the	study	of	
fuel	 cells	 [4-7],	 batteries	 [8-12],	 supercapacitors	 [13-17],	 electrochemical	 reaction	




of	 fields	 in	which	EIS	has	been	 successfully	 applied	 is	 explained	by	 the	 fact	 that	 this	
electrochemical	method	allows	to	deconvolve,	in	the	frequency	domain,	the	individual	






in	 a	 PEMFC,	 related	 to	 different	 electrochemical	 and	 transport	 processes	 [1].	 This	
technique	provides	detailed	information	on	the	conductivity	of	the	membrane,	on	the	
electrochemical	electrode	processes	and	on	the	transport	processes	of	the	system	[41-




The	 technique	has	been	applied	both,	 to	 fuel	 cell	 single	cells	 [58-62]	and	 to	 fuel	 cell	
stacks	[57,63].	
	
This	 electrochemical	 method	 consists	 in	 the	 application	 of	 a	 sinusoidal	 electric	
perturbation	(current	or	voltage)	to	the	studied	system;	and	the	measurement	of	the	
generated	output	electrical	signal	(voltage	or	current)	[2].	This	is	repeated	for	different	

















concept,	 are	 valid:	 causality,	 finiteness,	 linearity	 and	 stability	 [64].	 If	 any	 of	 these	






obtained	 response	 signal	 is	 a	 sinusoidal	 signal	 of	 the	 same	 frequency	 than	 the	
perturbation	[66].	The	non-fulfilment	of	the	linearity	condition	leads	to	the	generation	




are	 governed	 by	 Butler-Volmer’s	 equation	 [68].	 Consequently,	 in	 order	 to	 achieve	











One	 of	 the	 key	 parameters	 of	 an	 EIS	measurement	 is	 the	 amplitude	 of	 the	 applied	
perturbation.	This	amplitude	has	to	be	small	enough	in	order	to	avoid	non	linear	effects;	
but	it	should	be	big	enough	in	order	to	have	a	good	signal-to-noise	ratio	[71].	Therefore,	
the	 optimum	 perturbation	 amplitude	 can	 be	 defined	 as	 the	maximum	 perturbation	
amplitude	that	ensures	a	linear	response	of	the	system.	This	optimum	amplitude	may	







The	 aim	 of	 this	 work	 is	 to	 determine	 the	 optimum	 perturbation	 amplitude	 for	 EIS	
measurements	of	a	commercial	PEM	fuel	cell,	and	verify	if	it	corresponds	to	the	widely	
















frequencies	 (non	 fundamental	 components)	 and	 a	 sinusoidal	 signal	 of	 the	 same	
frequency	that	the	perturbation	signal	(fundamental	component)	[67].	The	frequencies	




system	 in	 the	 frequency	 domain	 is	 a	 good	 quantitative	 method	 for	 evaluating	 the	
linearity	of	the	system	[2].	The	harmonic	generation	causes	a	distortion	of	the	measured	
impedance	spectra	that	may	lead	to	biased	or	even	misguided	conclusions	[74].	For	this	
reason,	 it	 is	 of	 utmost	 importance	 to	 maintain	 the	 harmonic	 generation	 under	
neglectable	levels:	this	is	achieved	by	using	low	enough	perturbation	amplitudes	[66].	
	
A	 great	 number	 of	 theoretical	 works	 that	 demonstrate	 the	 generation	 of	 non-
fundamental	harmonics	due	to	the	nonlinearity	of	the	system	during	electrochemical	




The	 harmonic	 generation	 due	 to	 the	 nonlinearity	 of	 the	 system	 is	 the	 basis	 of	 the	




























































The	 aim	 of	 this	 work	 is	 to	 obtain	 the	 optimum	 perturbation	 amplitude	 for	 EIS	
measurements	 of	 an	 individual	 cell	 of	 a	 commercial	 PEMFC	 stack.	 The	 common	
approach	 used	 in	 literature	 to	 tackle	 this	 problem	 is	 to	 study	 the	 effect	 of	 the	
perturbation	 amplitude	 on	 the	 impedance	 spectrum:	 the	 biggest	 perturbation	
amplitude	that	does	not	affect	significantly	the	measured	spectrum	is	selected	according	
to	 this	 approach.	 This	 strategy	was	 used	 for	 example	 by	 Yuan	 and	 co-workers	 [58].	
However,	this	method	has	several	weaknesses.	Firstly,	the	electrochemical	impedance	
spectrum	may	vary	because	of	other	causes	than	the	perturbation	amplitude	(i.e.	non	
stationarity).	 Consequently,	 a	 suboptimal	 amplitude	 may	 be	 selected	 because	 a	
variation	in	the	impedance	spectrum	was	observed,	but	that	variation	was	due	to	other	
causes	than	the	perturbation	amplitude.	Secondly,	“affect	significantly”	is	quite	fuzzy:	
the	criterion	 to	distinguish	a	 significant	distortion	due	 to	 the	perturbation	amplitude	
from	the	inherent	variability	of	the	measurement	is	quite	unclear,	and	it	is	generally	left	
to	 the	 subjectivity	 of	 the	 annalist.	 Finally,	 this	 kind	 of	 approach	 is	 only	 useful	 for	 a	




Two	 strategies	 were	 considered:	 a	 constant	 amplitude	 strategy	 and	 a	 frequency	
dependent	amplitude	strategy.	
	
In	 order	 to	 achieve	 this	 work’s	 objective,	 the	 galvanostatic	 impedance	 spectra	 (at	
different	DC	currents)	of	an	individual	cell	of	a	commercial	PEMFC	stack	were	measured	
using	different	perturbation	amplitudes.	In	each	case,	and	for	each	excited	frequency,	
the	 response	 signal	 (the	 voltage	 signal)	 in	 the	 time	 domain	was	 sampled,	𝑈 .	 A	 Fast	
Fourier	Transform	was	applied	in	order	to	obtain	the	response	signal	in	the	frequency	
domain,	𝑈 .	 Using	 Eq.	 (3),	 the	 total	 harmonic	 distortion	 of	 the	 response	 signal	 was	
calculated	for	each	excited	frequency	in	each	measured	impedance	spectrum.	For	each	















the	 output	 of	 NOVA®,	 which	 is	 the	 software	 used	 to	 control	 the	 impedance	
measurement	 system,	 as	 it	 will	 be	 explained	 in	 the	 experimental	 work	 section.	 The	
NOVA®’s	output	consists	in	the	raw	response	signal	(voltage	signal)	in	the	time	domain.	
The	implemented	Labview®	program	reads	the	raw	signal	in	the	time	domain,	calculates	
the	associated	signal	 in	 the	 frequency	domain	using	an	FFT	algorithm;	and	once,	 the	
signal	 in	 the	 frequency	 domain	 has	 been	 obtained,	 it	 calculates	 the	 total	 harmonic	
distortion	 using	 equation	 (3).	 There	 are	 some	 commercial	 softwares	 available	 in	 the	







used	 for	 the	 constant	 amplitude	 strategy,	 while	 the	𝒯ℋ𝒟 	curves	 are	 used	 for	 the	
frequency	dependent	amplitude	strategy.	
		
In	 the	 case	 of	 the	 constant	 amplitude	 strategy,	 for	 a	 given	 polarization	 current,	 this	
methodology	 was	 applied	 to	 each	 perturbation	 amplitude:	 obtaining	 the	 critical	
parameter	 curve,	 which	 corresponds	 with	 the	 curve	 that	 represents	 the	 𝒯ℋ𝒟𝑈7 	
parameter	versus	the	perturbation	amplitude	for	that	polarization	current.	The	optimum	




cathodic	electrode	of	 an	alkaline	electrolyser	 [71].	 Two	clear	different	 trends	 can	be	
observed.	For	 low	amplitudes,	an	 increase	 in	 the	amplitude	causes	a	decrease	 in	 the	





the	 one	 side,	 an	 increase	 in	 the	 amplitude	 improves	 the	 signal-to-noise	 ratio,	which	
causes	a	drop	 in		𝒯ℋ𝒟𝑈7.	On	the	other	side,	an	 increase	 in	the	amplitude	generates	
higher	 levels	 of	 non	 fundamental	 harmonics	 due	 to	 the	 nonlinear	 behaviour	 of	 the	
system.	 For	 amplitudes	 below	 the	 optimum	 perturbation	 amplitude,	 the	 first	 effect	






to	 nonlinear	 effects	 is	 no	 longer	 neglectable	 compared	 to	 the	 signal-to-noise	 ratio	
improvement.	 Therefore,	 the	 net	 effect	 of	 an	 increase	 of	 the	 amplitude	 of	 the	
perturbation	 in	 this	 amplitude	 range	 is	 an	 increase	 of	 the	 critical	 parameter.	
Consequently,	 for	 perturbation	 amplitudes	 above	 the	 optimum	 one,	 the	 nonlinear	




These	 curves	 correspond	 with	 the	 representation	 of	 the	𝒯ℋ𝒟 	parameter	 for	 each	
excited	frequency	for	a	given	spectrum	(a	given	DC	current	and	perturbation	amplitude).	
The	 optimum	 amplitude	 for	 each	 frequency	 corresponds	 with	 the	 perturbation	
amplitude	that	minimizes	the	𝒯ℋ𝒟	value	for	that	frequency.	Therefore,	the	minimum	
𝒯ℋ𝒟 	value	 (with	 respect	 to	 the	 perturbation	 amplitude)	 was	 identified	 for	 each	
frequency;	and	the	optimum	amplitude	for	that	frequency	was	deduced:	it	corresponds	
with	the	amplitude	for	which	the	𝒯ℋ𝒟	value	 is	minimal	 for	a	given	frequency.	Using	






The	experimental	 setup	 is	given	by	 figure	3.	 Its	main	element	 is	a	300W	commercial	
PEMFC	 stack,	 provided	 by	 HeliocentriS®,	 composed	 by	 20	 individual	 cells,	 with	 an	
effective	area	of	58	cm2.	The	air	supply	is	provided	by	a	compressor	and	the	hydrogen	
comes	from	a	200	bar	high-pressure	storage	tank.	The	humidification	of	the	gas	inlets	is	
assured	 by	 a	 humidification	 system	 and	 the	 fuel	 cell	 stack	 operating	 temperature	 is	













302N	 potentiostat/galvanostat	 with	 FRA	module	 and	 20	 A	 booster,	 controlled	 using	
NOVA®	software.		The	selected	frequency	range	extended	from	5	kHz	to	10	mHz,	with	
50	 frequencies	 logarithmically	 spaced.	 The	 spectra	 were	 measured	 for	 3	 different	
polarization	currents	and	10	different	perturbation	amplitudes	for	each	DC	current,	as	
















frequency	 and	 the	 critical	 parameter	 𝒯ℋ𝒟𝑈7 		 for	 each	 perturbation	 amplitude	 are	







signal	 is	 mainly	 noise.	 This	 indicates	 that	 the	 harmonic	 generation	 due	 to	 the	
nonlinearity	 of	 the	 system	 is	 neglectable	 compared	 to	 the	 noise,	 at	 least	 in	 the	
intermediate	 frequency	 zone.	 Consequently,	 the	 perturbation	 amplitude	 is	 small	
enough	to	be	able	to	accept	the	hypothesis	of	linearity	of	the	system	in	this	case.	
	


























Figure	 5	 represents	 the	 critical	 parameter	 curve	 for	 each	 DC	 current.	 The	 same	









As	 stated	 before,	 the	 optimum	 amplitude	 for	 each	 DC	 current	 corresponds	 to	 the	
amplitude	that	minimizes	the	critical	THD	value.	In	this	case,	only	the	first	trend	of	figure	
2	can	be	observed.	Therefore,	the	optimum	perturbation	amplitude	is	higher	than	the	
maximum	 amplitude	 considered	 in	 this	 work.	 It	 can	 be	 deduced	 that	 the	 optimum	
relative	 amplitude	 for	 the	 constant	 amplitude	 strategy	 for	 the	 three	 DC	 currents	
explored	in	this	work	is	the	same:	80%	of	the	DC	current.	This	value	is	clearly	higher	than	
the	5%	value	widely	used	in	literature.	Such	large	amplitudes	do	not	cause	non	linear	
effects	 on	 account	 of	 the	 high	 linearity	 of	 the	 behaviour	 of	 the	 commercial	 PEMFC	
studied	 in	 this	work.	 In	other	words,	 the	studied	system	 is	 linear	enough	so	that	 the	









50%	 and	 80%)	 at	 a	 DC	 current	 of	 1	 A.	 Since	 the	 3	 spectra	 correspond	 to	 the	 same	
operation	conditions,	they	correspond	to	3	measurements	of	the	same	“real”	spectrum.	
The	effect	of	 the	perturbation	amplitude	 can	be	 clearly	observed.	 The	3	 spectra	 are	
almost	identical	in	the	high	frequency	zone	and	in	the	low	frequency	range;	whereas,	in	




5.1.	 The	 spectra	 obtained	 with	 perturbation	 amplitudes	 50%	 and	 80%	 are	 almost	






zone	 with	 lowest	 signal-to-noise	 ratios	 (highest	 𝒯ℋ𝒟 	values):	 the	 perturbation	
amplitude	has	to	be	high	enough	in	order	to	overcome	the	intense	noise	in	this	critical	










peak	 height	 is	 lower	 in	 the	 higher	 amplitude	 case:	 an	 increase	 in	 the	 perturbation	
amplitude	leads	to	a	drop	of	the	harmonic	content	in	the	response	signal.	It	was	deduced	









non	 fundamental	 harmonics,	 and	 thus	 to	 a	 response	 signal	 with	 a	 higher	 harmonic	
content.	This	is	the	typical	trend	in	the	non-linear	behaviour	zone	[71].	It	can	be	deduced	
that	 the	 system	 behaves	 nonlinearly	 in	 the	 high	 and	 low	 frequency	 zones	 for	



















order	 to	 improve	 as	 much	 as	 possible	 the	 signal-to-noise	 ratio	 without	 generating	
significant	 non-linear	 effects.	 On	 the	 other	 hand,	 because	 the	 system	 behaves	














spectrum.	 Consequently,	 in	 this	 case,	 the	 frequency	 dependent	 strategy	 does	 not	
improve	 any	 further	 the	 measurement	 obtained	 using	 the	 frequency	 independent	
strategy	with	optimum	perturbation	amplitude.	So	even	if	from	a	theoretical	point	of	
view	 the	 frequency	 dependent	 strategy	 should	 be	 used	 (since	 the	 systems	 exhibits	
linear/nonlinear	behaviour	in	different	frequency	zones);	from	a	practical	point	of	view,	
the	frequency	independent	strategy	gives	the	optimum	spectrum.	In	other	systems	(or	








optimum	 perturbation	 amplitude	 for	 EIS	 measurements	 of	 an	 individual	 cell	 of	 a	






For	 the	 frequency	 dependent	 perturbation	 amplitude	 strategy:	 Since	 the	 system	
behaved	quasi-linearly	in	the	intermediate	frequency	zone,	the	optimum	perturbation	
amplitudes	in	this	frequency	zone	are	high	(up	to	80%	of	the	DC	current).	In	contrast,	








that	 a	 given	 system	may	 present	 quasi-linear	 and	 non-linear	 behaviour	 in	 different	
frequency	 zones	 for	 a	 given	 perturbation	 amplitude,	 a	 frequency	 dependent	
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DC	current	 0.5	𝐴; 1	𝐴; 4	𝐴 	
Relative	perturbation	amplitude	 2.5%; 5%; 10%; 	20%; 	30%;	⋯ ; 	80% 	
	
	 	
	
Table	2.		EIS	measurement	parameters	
Measurement	parameter	 Value	
Integration	time	 1.0	𝑠	
Number	of	integration	cycles	 1	𝑐𝑦𝑐𝑙𝑒	
Number	of	stabilization	cycles	 10	𝑐𝑦𝑐𝑙𝑒𝑠	
Maximum	stabilization	time	 3.0	𝑠	
Minimum	stabilization	cycle	fraction	 0.00	
	
	
	
	
	
	
	
	










